Cauliflower mosaic virus (CaMV) replicated in protoplasts and in inoculated leaves of the non-host, cotton (Gossypium hirsutum, L. (28) . A defect in cell-to-cell transport of the infectious entity is indicated. In other cases viral replication and cellto-cell transport occur readily, but long-distance transport from infected leaves to other parts of the plant is blocked. The failure
Plants of most species are resistant to infection by most viruses. A variety of mechanisms (1) contribute to the resistance to infection. Cells isolated from virus-resistant plants may be incapable or poorly capable of supporting viral replication. For example, the SB strain of cowpea mosaic virus does not replicate in protoplasts of Arlington cowpeas (2) and the L strain of bromegrass mosaic virus fails to replicate in tobacco cells (22) . On the other hand, many viruses replicate efficiently in protoplasts of nonhosts. TMV5 replicates in isolated cowpea and cotton cells, but in intact leaves infection is limited to the initially infected cells (28) . A defect in cell-to-cell transport of the infectious entity is indicated. In other cases viral replication and cellto-cell transport occur readily, but long-distance transport from infected leaves to other parts of the plant is blocked. The failure of long-distance transport of viral infection may be due to the absence of a factor required for transport (1) or to defensive actions taken by the plant (31) such as the lignification ofinfected cells (17) and the production of chemical agents that react with the viral coat (21) or the viral nucleic acid. CaMV (14) infects crucifers (30, 33 ) and a few solanaceous species (10, 12) systemically and a few noncrucifer plants nonsystemically (16) . Long-distance transport does not occur in the nonsystemic, local-lesion hosts. Plants of many other species, including members of the Malvaceae, have been shown not to be systemic or local-lesion hosts for CaMV (30, 33) . The ability of protoplasts of several species, mainly crucifers, to support the replication of CaMV DNA has been examined (18) . A small proportion of protoplasts of the nonhost Moricardia arvensis could be infected with CaMV. CaMV DNA integrated into chromosomes of non-host cells by transformation with modified T-DNA is less efficiently transcribed than the same DNA integrated in chromosomes of host cells (27) .
We chose to examine nonhost resistance of cotton to CaMV. CaMV was chosen as the virus for this study because an efficient method for infection of host protoplasts with liposome-encapsulated CaMV existed (15) and because the location of viral DNA in inoculated leaves can be easily determined by leaf skeleton hybridization (19) . In addition, since bacterial plasmids containing more than one contiguous copy of CaMV DNA are infectious to turnip plants (32) , their use in inoculation of nonhosts allows the facile distinction between replicated viral DNA and unprocessed inoculum DNA. Cotton was chosen as nonhost because the defense of cotton against TMV infection (28) and against fungal and bacterial pathogens (3) has been well characterized and because suspension-cultured cells of cotton were readily available (25) . Suspension-cultured cells were used because they are more uniform in size, shape, and age than leaf mesophyll cells, are readily available in large quantities, and can be converted in high yield to protoplasts without harsh physical treatments. Like protoplasts from leaf cells, protoplasts from suspension-cultured cells can be infected with liposome-encapsulated viruses or viral RNA (6, 7, 23) . We detail below observations that suggest that cotton cells both as isolated protoplasts and in intact leaves are able to replicate CaMV.
MATERIALS AND METHODS
Inoculation of Cotton Plants. Cotton (Gossypium hirsutum, L., cv Acala 44) plants were grown in Jiffy Mix Plus (American Soil Products Inc.) in a plant growth chamber with a 12 h-20°C dark and 12 h-22°C light cycle. Cotton plants were watered daily or semiweekly. Plants were inoculated at the two-leafstage by gently rubbing inoculum on the leaves with a gloved finger. Celite was used as an abrasive. Growth and inoculation of turnips (Brassica rapa, cv Just Right) was as previously described (4, 8) . Turnips were watered daily. Inocula used consisted of 2 ,ug/ml CaMV Plant Physiol. Vol. 83, 1987 isolate CM4-184 or NY8153 (8) in 1% dibasic potassium phosphate; 0.9 to 130 ,g/ml DNA of the same CaMV isolates in 2 x SSC or 1% dibasic potassium phosphate; 20 /Ag/ml pLW 1 IID-C (32) plasmid DNA in 2 x SSC; 20 or 130 jsg/ml pBR322 plasmid DNA in 2 x SSC; 2 x SSC; or 1% dibasic potassium phosphate. Plasmid DNAs were prepared by alkaline lysis of Escherichia coli harboring the plasmids followed by CsCl-ethidium bromide centrifugation (4) . Virus was prepared from infected turnip leaves by the method of Hull et al. (13) . CaMV DNA was extracted from CaMV virions as described by Gardner and Shepherd (9) . Health of the plants was monitored over a 45 d observation period. For testing of replication of CaMV DNA, inoculated leaves were removed 0 to 28 d postinoculation. Some were processed for leaf skeleton hybridization (19) , while from others a viral fraction was prepared (9) . DNA extracted from viral fractions was assayed by electrophoresis in agarose gels using 0.036 M Tris, 0.030 M sodium phosphate, 1 mm EDTA (pH 7.5) or 0.03 M NaOH, 1 mM disodium EDTA, followed by Southern blotting and hybridization as previously described (20) . Nick translated DNA of the CM4-184 isolate was used as a CaMV DNA probe.
Protoplast Preparation. Protoplasts were prepared from suspension-cultured Acala 44 cotton cells (25) Infection of Protoplasts with Liposome-Packaged CaMV. REV liposomes were prepared as previously described (15) . Cotton protoplasts were treated with liposomes essentially as described earlier for the infection of turnip protoplasts (15) . Protoplasts (0.1-1 ml) and liposomes were mixed and incubated at room temperature for 5 min. A pH 10 buffer (0.05 M glycineNaOH) containing 0.05 M CaCl2 and 0.46 M mannitol and 30% (w/v) PEG was added before centrifugation at 100g for 10 min to collect protoplasts. Protoplasts were washed by resuspension in SH medium and centrifugation. In some experiments NT medium (24) was used. Protoplasts were suspended in 1.0 ml SH medium and incubated at 25°C and 50 rpm for up to 5 d. CaMV DNA was detected by DNA hybridization on nitrocellulose (15) .
RESULTS
Protoplasts from Suspension-Cultured Cotton Cells. When cotton cells were transferred to medium containing no agar the cells grew in suspension ( Fig. IA) with a doubling time of 6 d (25) . When these cultured cells were treated with a mixture of Macerase and Cellulase for 3 to 4 h, more than half the cells were converted to protoplasts with large vacuoles (Fig. IB) . Centrifugation of protoplasts from suspension-cultured cotton cells in Percoll (I 1, 15) resulted in the recovery of 6 to 12% of the protoplasts as evacuolated protoplasts. Evacuolated cells were easily distinguished by their small size and evenly dispersed intracellular contents (Fig. IC) .
Infection of Protoplasts with Liposome-Packaged CaMV. Cotton protoplasts treated with negatively charged liposomes encapsulating CaMV virions replicated CaMV nucleic acid during 5 d ofculture in SH medium ( Fig. 2A) . The increase in hybridization began after a lag of 10 to 30 h. A lag of 4 d before detectable increases in hybridization were noted occurred when NT medium was used ( Fig. 2A) . Thus, SH medium was chosen for further experiments. The increase in CaMV nucleic acid during ii %... ,. (Fig. 3) .
Leaf Skeleton Hybridization. Cotton leaves were inoculated with 2 gg/ml CaMV or 130 ,gg/ml CaMV DNA or not inoculated 2 weeks prior to harvest and leaf skeleton hybridization with radioactive CaMV DNA (Fig. 4) . The skeleton of the DNAinoculated leaf had numerous circular regions closely resembling hybridization lesions in turnip skeletons (19) . Several dark circles were also seen on the autoradiographic image of the virusinoculated leaf. 5A, lane 3) . CaMV DNA was detected by hybridization when the preparation was made from 0.2 g infected turnip tissue mixed with 2.0 g noninoculated cotton leaf tissue (Fig. 5A, lanes 1 and  4) . The DNA detected had mobilities consistent with linear and (Fig. SA. lanes 2 and 5) . The yield of CaMV DNA from purified virions was also substantially lower when the virions were added to a homogenate of cotton leaf tissue than when an equal amount of virions was added to a homogenate of turnip leaves (Fig. SB) . The rapid procedure for isolation of CaMV DNA (9) includes a treatment with DNase I to destroy nonencapsulated DNA. Omission of DNase I did not affect the recovery of CaMV DNA both from virions added to leaf homogenates (Fig. SB) and from systemically infected turnip tissue added to healthy leaves (Fig. SA) Figure 6 shows that CaMV DNA molecules indistinguishable from those recovered from inoculated turnip leaves (an 8 kbp relaxed circle and an 8 kbp linear) were present in inoculated cotton leaves 2 weeks after inoculation. No hybridization to molecules of the mobilities of open circle, linear, or super-coiled forms of the pLW 11 1 D-C DNA inoculum were found. A probe (pBR322) containing the f3-lactamase gene also present in pLW I ID-C failed to detect any related molecules in the viral DNA preparation.
When cotton leaves were harvested at intervals following inoculation and analyzed for viral DNA as above, viral DNA was not detected up to 2 d postinoculation, but was readily detected beginning at 7 d postinoculation (Fig. 7A) . Viral DNA fractions were also analyzed by alkaline gel electrophoresis. Because of the single discontinuity in one DNA strand and double discontinuities in the other strand, three bands were expected. Figure 7B shows that the expected bands were found in preparations from turnip leaves inoculated with NY8153 DNA and from cotton leaves inoculated with pLW I1 I D-C 8 to 15 d prior to harvesting.
Viral DNA from Inoculated Leaves of Cotton Plants Watered
Daily. Inoculated cotton plants irrigated daily were also analyzed for CaMV DNA. Viral DNA fractions prepared without DNase I treatment from cotton leaves inoculated 2 weeks prior to harvest with virions, CaMV DNA, pLWI 1 lD-C or pBR322 DNA were analyzed by electrophoresis and Southern blotting. No hybridization of radioactive pBR322 to any of the four samples was detected. Equivalent samples probed with CaMV DNA of similar specific radioactivity had a heterogeneous distribution of DNA fragments of faster mobility than intact CaMV DNA (Fig. 8) .
No CaMV DNA hybridization to samples from pBR322-inoculated leaves was detected. When the DNA preparations were made using DNase I and analyzed similarly, a similar distribution of radioactivity was detected. However, considerably less probe was bound in the DNase-treated samples.
DISCUSSION
In many respects cotton and turnip behave similarly to infection by CaMV. Both protoplasts of suspension-cultured cotton cells and turnip mesophyll protoplasts (15) permitted the replication of CaMV nucleic acid when infected with liposomeencapsulated virions. Evacuolation of turnip protoplasts was necessary to observe synthesis of viral nucleic acid ( 15) , whereas cotton protoplasts were active both with and without prior evacuolation. During culture of cotton protoplasts, CaMV nucleic acid increased more than 20-fold (ratio of hybridized DNA at end ofculture to that after 20 h ofculture) whereas the increase in turnip protoplasts was 11-to 13-fold (15) . The (20) . similarly (20) or those in sparsely-watered cotton plants in two respects. A portion of the viral particles recovered were leaky to DNase I since substantially lower recoveries of CaMV DNA were obtained when vinons were DNase I treated. Second, the DNA contained in the virions was fragmented. The fragmented DNA could in part be due to cotton nucleases that diffuse into viral particles that have become leaky. However, it is likely that DNA fragmentation also occurred in intact viral particles since after DNase treatment of the vision fraction, the DNA that was not degraded by the added DNase was nevertheless as fragmented as the total virion DNA. If degradation of CaMV is the result of a defense response of the cotton plant then this response must be strongly influenced by the water status of the plants.
Cotton plants produce sesquiterpenoid phytoalexins in response to bacterial infections (5) . One of the phytoalexins, 2,7-dihydroxycadalene, has light-dependent enzyme inactivation and DNA-nicking activity (29 
